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Structure and Bonding in [Ir( O,)( Ph,PCH,.CH2*PPh,),][PFBl and in 
IrBr( CO)(PPh,),C,(CN), 

By J. A. MCGINNETY and JAMES A.  IBERS* 
(Department of Chemistry, Novthwestern University, Evanston, Illinois 60201) 

THE species of general formula [Ir(diphos),]+ and 
IrX(C0) (PPh,), [diphos = (Ph,PCH,CH,PPh,) 
and X is a halogen or pseudohalogen], add simple 
covalent molecules, often reversibly. The re- 
actions of the chloro-1 and iodo-coniplexes2 with 
molecular oxygen and the relation of the structures 
to reversibility have been studied in detaiL2 93 

Insight into the nature of the bonding in these 
molecular oxygen carriers is hindered by the 
impossibility of determining the hybridization of 
the oxygen atoms. Yet certain trends are 
apparent. Thus, as the electronegativity of the 
substituents on I r  decreases, the strength of 
bonding of 0, to I r  increases, as judged by the 

degree of reversibility, and the 0-0 bond length 
increases. The 0-0 distance is 1-30 A for X = C1 
(reversible) and 1-51 A for X = I (irreversible), 
and for the 0, complex of [Ir(diphos),]+ reported 
here it is extremely long. 

Other simple molecules that form complexes 
with these Ir  species include substituted olefins.43 
Ethylene and molecular oxygen are isoelectronic, 
and isoelectronic compounds of the same sym- 
metry should have similar electronic structures. 
Here we also report on the structure of the tetra- 
cyanoethylene (TCNE) complex of IrBr(C0)- 
(PPh,),. Comparison of this structure with those 
containing molecular oxygen shows that both the 
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0, and TCNE ligands have local symmetry C,, 
with respect to Ir. Thus informatisn gained from 
this structure should be applicable to molecular 
oxygen systems, and a bonding scheme is suggested 
for all these systems. (Earlier bonding schemes 
do not appear to rationalize all the results reported 
here.) 

X-Ray data for both complexes were collected 
on a Picker automatic X-ray diffractometer in the 
manner described previously.6 

[Ir(O,) (diphos),] [PF,] : Monoclinic, P2,/n,  2 
=4, a = 17.25, b = 16-35, c = 16-97 A, = 
96.6". R = 7.3% for 1990 reflections above 
background. Compound prepared as described 
p r e v i o ~ s l y . ~ , ~  IrBr(C0) (PPh,),(TCNE) : Mono- 
clinic, P2,/n, 2 = 4, a = 17.66, b = 18.62, 
c = 11.60 A, p = 95.0". I? = 3.8% for 2767 
reflections above background. Compound pre- 
pared in the manner previously described5 for 
the chloro-complex. 

The overall geometry of the [Ir(O,) (diphos) ,I+ 
The Ir-0 distance 

Details are : 

catien is shown in Figure 1. 

W 

FIGURE 1. 
the Ir(0,) (diphos),+ cation. 

The  inner co-ordination sphere about Ir i n  

of 1-98 A is somewhat shorter than the average of 
2.06 A found in the 0, complexes of IrX(C0)- 
(PPhJ2. Moreover, the 0-0 distance of 1-66 
-& 0.03 A is far longer than any reported pre- 
viously and is about 0.16 A longer than that 
expected for oxygen atoms linked by a o-bond. 

The inner co-ordination sphere of IrBr(C0)- 
(PPh,),(TCNE) is shown in Figure 2. The 
co-ordination around Ir is trigonal bipyramidal if 
TCNE is considered to be a monodentate ligand. 

The geometry of the TCNE ligand in the complex 
is shown in Figure 3. To a good approximation it 

FIGURE 2. 
IrBr(C0) (PPh,),(TCNE). 

T h e  inner co-ordination sphere about Ir in 

FIGURE 3. Bond distances and angles in the TCNE 
molecule co-ordinated to Ir in IrBr(C0) (PPh,),(TCNE). 
Estiwzated standard deviations are in parentheses. 

is placed symmetrically with respect to Ir. The 
two central carbon atoms (C') are in the equatorial 
plane and are equidistant from Ir with an 1r-C' 
distance of 2.15 A. None of the four C'-C"-N 
angles differs significantly from 180'. The di- 
hedral angle between the planes containing 
C(l)N(l) ,  C(2)N(2) and C(3)N(3),C(4)N(4) is llOo, 
whereas it is 180" in TCNE i t ~ e l f . ~  

When discussing the nature of the bonding it is 
more useful to consider bond lengths rather than 
bond angles, for the angles are often affected by 
packing. The C'-C' distance of 1.507 A is 
considerably longer than that of 1.339 in 
TCNE i t ~ e l f . ~  The average C'-C'' bond length is 
1.430 in the TCNE ligand. The shortness of 
this bond is due to two factors: the hybridization 
of the carbon atomslO (which alters the o-bond 
radius) and electron delocalizationll beyond a two- 
centre description (which decreases the bond 
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length by forming a partial n-bond between these 
carbon atoms which are joined nominally by a 
single a-bond). The C’-C” bond length is 1.442 A 
in free TCNE, about 0.10 shorter than a single 
bond between two sp3 hybridized carbon atoms. 
About 0.08 A of this shortening may be attributed 
to the decrease in a-bond radius derived from one 
carbon atom being sfi hybridized and the other sp2 
hybridized. The additional shortening of 0.03 A 
is due to a partial m-bond; a molecular-orbital 
calculation12 indicates that the n-bond order is 
about 0.35. Now if the C’ atoms in the TCNE 
ligand were sp3 hybridized, then the m-bond order 
of the C’-C” bond would have to be high to 
account for the observed length, and this seems 
unlikely in view of the nonplanar geometry of the 
ligand. Thus we conclude that the carbon atom 
C’ is not sp3 hybridized, but is sp2 hybridized. 

Previous models suggested to rationalize the 
bonding of molecular oxygen and olefins to 
transition metals have been hampered by a 
paucity of accurate structural data. Such data 
on the TCNE complex confirm our earlier pro- 
posal that the double a-bond model for bonding 
in these complexes is not readily applicable.2 The 
model we sketch here seeks to rationalize the 
salient features of the two precise structures 
discussed. The model is similar in many ways to 
the usual n-bonding model and the similarities will 
be emphasized. However, with the present model 
one can rationalize the fact that the 0-0 distance 
in [Ir(O,)(diphos),]+ exceeds that of a o-bond. 
Essentially, we adopt a three-centre molecular 
orbital scheme and assume Czu Symmetry for 
these centres. L(l) and L(2) represent oxygen 
atoms or the central carbon atoms of an olefin. 
L ( l )  and L(2) are sp2 hybridized and the metal is 
asp3 hybridized. The symmetry properties are 
used to combine the available atomic orbitals of 
comparable symmetry into molecular orbitals. 
135th three electron pairs available for bonding, the 
occupied molecular orbitals are : 
(1)  4, (symmetry A,) which is similar to the 
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donation of an electron pair from the .Ir-cloud of 
the ligand to the vacant dsp3-orbital of the metal. 
(2) t/J2 (symmetry A,) which is similar to the 
o-bond which would join L(1) and L(2) in the 
m-bonding model, but with an additional region 
of electron density centred on the metal. This 
bonds L(l) and L(2) together, but does not affect 
the overall binding of the ligand to the metal. 

(3) (symmetry B,) which is similar to the back 
donation of an electron pair from the filled d,l- 
orbital of the metal to an antibonding n*-orbital 
of the ligand. 

This model incorporates the following features : 
(1) As the electronegativity of the substituents on 
the metal is decreased, the complex should become 
more stable and the L(l)-L(2) distance should 
lengthen. This is consistent with the trend noted 
above. 
(2) If sufficient density in the t/J2 orbital is centred 
on the metal, then the L(l)-L(2) distance could 
exceed that for a singly a-bonded L(l)-L(2) 
moiety. 
(3) n-bonding substituents on the metal could 
affect the L(l)-L(2) distance without altering the 
strength of attachment of the ligand to the metal. 

Finally, we call attention to the fact that the 
phosphorus atoms of the PPh, groups are cis in the 
TCNE complex (Figure 2). This is the first 
indication that the phosphorus atoms, known to 
be tvans in the parent complex and in several 
complexes formed by the addition of one or two 
ligands, can be cis after certain addition reactions. 
The geometry depicted in Figure 2 differs both 
from those of the 0, complexes and that of the SO, 
complex.13 This again indicates that the energy 
differences among the various possible five- 
co-ordinate geometries are very small indeed. 
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